Abstract-The objective of this study is to investigate the effects of respiratory motion (RM) on defect detection in Tc-99m sestamibi myocardial perfusion SPECT (MPS) using a phantom population that includes patient variability. Three RM patterns are included, namely breath-hold, slightly enhanced normal breathing, and deep breathing. For each RM pattern, six 4-D NCAT phantoms were generated, each with anatomical variations. Anterior, lateral and inferior myocardial defects with different sizes and contrasts were inserted. Noise-free SPECT projections were simulated using an analytical projector. Poisson noise was then added to generate noisy realizations. The projection data were reconstructed using the OS-EM algorithm with 1 and 4 subsets/iteration and at 1, 2, 3, 5, 7, and 10 iterations. Short-axis images centered at the centroid of the myocardial defect were extracted, and the channelized Hotelling observer (CHO) was applied for the detection of the defect. The CHO results show that the value of the area under the receiver operating characteristics (ROC) curve (AUC) is affected by the RM amplitude. For all the defect sizes and contrasts studied, the highest or optimal AUC values indicate maximum detectability decrease with the increase of the RM amplitude. With no respiration, the ranking of the optimal AUC value in decreasing order is anterior then lateral, and finally inferior defects. The AUC value of the lateral defect drops more severely as the RM amplitude increases compared to other defect locations. Furthermore, as the RM amplitude increases, the AUC values of the smaller defects drop more quickly than the larger ones. We demonstrated that RM affects defect detectability of MPS imaging. The results indicate that developments of optimal data acquisition methods and RM correction methods are needed to improve the defect detectability in MPS.
I. INTRODUCTION

I
T HAS BEEN demonstrated that respiratory motion (RM) may cause image artifacts and affect clinical diagnoses in myocardial perfusion SPECT (MPS) [1] , [2] . Respiratory mo- tion involves the movements of the heart, diaphragm, lungs and thoracic cage as well as abdominal organs such as the liver and spleen. During normal breathing, heart motion in humans is about 10 mm along the head-to-foot direction. Studies have demonstrated that artifacts from RM in MPS usually appear as a reduction in regional image intensity in the area of the inferior and anterior walls of the left ventricle and that this causes false-positive results [1] , [3] , [4] . With the advent of multi-modality imaging, co-registered anatomical X-ray CT images can be used in combination with SPECT images for localization and attenuation correction. In SPECT/CT, the major contributions of RM to artifacts involve two aspects. First, the emission data is acquired over the whole respiratory period and this may lead to image blurring. Second, the CT transmission data acquired at a specific phase of the respiratory cycle may not match that of the emission data, and will therefore not reflect the true effect of attenuation of this data. The image artifacts and quantitative errors caused by such a mismatch have been reported [5] - [7] . Results from these studies indicate that free breathing and post-exhalation breath-hold provides higher registration accuracy than a post-inhalation breath-hold protocol [6] . Artifacts due to image mismatch have also been observed in PET/CT cardiac studies [8] - [10] . Many correction methods for RM have been proposed for MPS [11] - [13] . The effects of RM on image non-uniformity and the resulting false-positive diagnoses have been widely investigated in MPS studies. However, reports on the effects of RM on myocardial defect detection in MPS images are limited. The effects of RM on defect detection task in MPS are complicated. Respiratory motion induces artifacts in normal MPS images. If an artifact results in uptake reduction in a region where a myocardial defect is located, this defect will become more visible and more easily detected. On the other hand, RM causes image blurring that decreases the image contrast and thus degrades defect detection.
In this study, we used a set of phantoms with anatomical variations and a mathematical observer to evaluate the RM effects on defect detection. It has been shown that the channelized Hotelling observer (CHO) [14] - [16] with appropriate channels can predict the human observer performance in defect detection tasks [17] - [20] . In particular, CHO is a linear observer which models the linear nature of human perception in low contrast detection tasks, and the channel mechanism models the frequency selective features of human visual system [16] . In addition, another advantage of CHO study is that, despite the long computer processing time involved, it is less difficult and costly to conduct than a human observer study.
In this study, we investigated factors that may affect myocardial defect detection in Tc-99m sestamibi MPS images. These factors include RM amplitude, defect location, defect size, and defect contrast.
II. METHODS
A. Phantoms
The 4-D NCAT phantom has the ability to model the 3-D activity and attenuation distributions of various anatomical features and organs and both cardiac and RM [21] , [22] . It has the ability to model. In this study, we focused on the effects of RM and cardiac motion due to the beating heart was not modeled and its effect was not evaluated. Since ventricular diastole represents a large portion of the cardiac cycle, we set the cardiac phase to be in the middle of the diastolic phase during respiration.
We simulated three RM patterns, namely breath-hold (BH), and slightly enhanced normal breathing (NB) and deep breathing (DB) with maximum diaphragm motion amplitude of 2 cm and 4 cm, respectively, to cover a wide range of RM. It should be noted that DB with maximum diaphragm motion amplitude rarely occurs in clinical studies. The RM was modeled in both cranial-and-caudal and dorsal-and-ventral directions and included the motions of the liver, the heart, the stomach, and the spleen in the 4-D NCAT phantom. The liver is set to move forward during inspiration at an amount equal to the anteroposterior expansion of the chest, then back to its original position during expiration, and up and down with the diaphragm. In addition, the motions of heart and liver are set equal in both amplitude and phase in the 4-D NCAT phantom.
The respiratory period simulated included 2 seconds for inspiration and 3 seconds for expiration [22] . Sixteen uniformly spaced temporal frames were generated throughout a respiratory cycle. For each of the three RM patterns, six 4-D NCAT phantoms (3 males and 3 females) were generated, each with a different anatomy. The anatomical parameters of the phantoms were randomly sampled from the distributions obtained from the Emory PET thorax model database [23] , [24] . By doing so, we modeled realistically model patient anatomical variability among a patient population [23] . The distribution of radioactivity concentration in different organs was set to model that of a typical clinical Tc-99m sestamibi MPS study [25] . Sample transaxial slices of the activity and attenuation distributions from each of the six 4-D NCAT phantoms are shown in Fig. 1 . The matrix size used to generate the 3-D NCAT phantoms was 128 128 128, with a pixel size and slice thickness of 0.31 cm. Regional myocardial perfusion defects were simulated on the anterior, lateral, and inferior walls of the left ventricle myocardium. The size of the defects was 60 in the circumferential dimension and 2 cm, 1.5 cm and 1 cm in longitudinal size; the contrasts used were 15% (15% uptake reduction compared to normal wall uptake), 11.25% and 7.5%. Fig. 2 shows sample short-axis reconstructed MPS images with and without the myocardial defects. 
B. Projection Data Simulation
Projection data was simulated from the 4-D NCAT phantoms with attenuation, scatter, and detector-collimator response using an analytical projector. They were generated from the activity distribution and its corresponding attenuation map for each of the 16 time frame of the respiratory cycle.
A typical clinical stress MPS imaging protocol using a dualheaded SPECT system was used in the simulation. Sixty-four projections were acquired from the rotation of a dual-headed SPECT system over a 180 arc, from 45 right anterior oblique (RAO) to 45 left posterior oblique (LPO). The acquisition time was 20 seconds per projection for the stress study assuming a same-day rest/stress protocol. Four respiratory cycles were included in each projection. The projections of all time frames over the respiratory cycle were summed to generate the average emission data. A low-energy high resolution (LEHR) parallel collimator with thickness of 2.4 cm hole diameter of 1.2 mm was used in the simulation. The intrinsic resolution of the detector modeled was 0.4 cm. The distance from the center-of-rotation to the collimator face (radius-of-rotation) was 20 cm.
A total of 64 noise-free projections with a matrix size of 128 128 were simulated and then collapsed to a 64 64 matrix. To adjust the difficulty of the myocardial defection detection task for the highest possible statistical power in the ROC analysis of the CHO study, the total number of detected counts was set to 64 000 for a 3.1 mm slice through the center of the heart, a count level that is about 1/3 of that found in typical MPS studies. Poisson noise fluctuations were then added to the noise-free projections to generate a total of 30 noisy realizations.
C. Image Reconstruction and Processing
The simulated noisy projection data were reconstructed using the OS-EM algorithm with 12 different subset and iteration settings. They were 1 and 4 (number of subsets)/iteration at 1, 2, 3, 5, 7, and 10 iterations. Note that the 1 subset/iteration results Fig. 3 . Images of the four frequency-domain channels (top row) and shifted spatial-domain templates (bottom row) corresponding to a specific defect location used in the CHO study.
in 64 projections/subset and is equivalent to the ML-EM algorithm. The 4 subsets/iteration resulted in 16 projections/subset and 4 updates per iteration.
The averaged attenuation distribution over the 16 respiratory time frames was used in the image reconstruction. Compensations for attenuation, scatter, and collimator-detector response were implemented. The dimension of the reconstructed images is 64 64 64 with a pixel width and slice thickness of 0.63 cm. The 3-D reconstructed images were then re-sliced to short-axis (SA) images and a single slice, containing the centroid of the myocardial defect, was extracted. The SA images were then processed with a low-pass Butterworth filter using parameters found to be optimal in similar SPECT studies, i.e., an order of 5 and a cutoff frequency of 0.15 pixel [26] , [27] . A 32 32 image containing the myocardium was extracted and rescaled to 256-level grayscale for use in the CHO study.
D. Implementation of the Channelized Hotelling Observer (CHO)
The channel model used for CHO was four octave-wide rotationally symmetric frequency channels [27] . Fig. 3 shows the four frequency domain channels and their spatial domain counterparts, shifted to a specific defect location. For every defect location, the center of the spatial domain template was moved to the position of the defect centroid. This was performed by taking the inverse Fourier transform of the frequency domain channel following a phase shift. Then by taking the inner product of each SA image with the spatial domain template of each channel, a four-element feature vector was obtained. We define a data treatment as a combination of given RM amplitude, defect location, size and contrast, and update number of the image reconstruction method. Half of the defect-present and defect-absent feature vector pairs for each data treatment were used as the training set to obtain one trained CHO, which was then tested with the remaining half of feature vectors. The test statistics (rating values) were further analyzed to determine the AUC value using the ROCKIT program [28] , which uses a maximum likelihood estimation to fit a bi-normal ROC curve.
The AUC values at different updates for any specific data treatment evaluated were plotted as a function of the number of updates, based on the evaluation of the myocardial defect detection performance for that data treatment. We name this plot an AUC curve. The highest or optimal AUC value of the resulting AUC curve, which is denoted as mAUC, was used as the performance index for that data treatment. The difference in the AUC curves between different data treatments was defined as the AUC difference curve, which was then used to estimate the magnitude of the difference between these data treatments.
III. RESULTS
A. Effect of Respiratory Motion Amplitude
Since the RM effects on myocardial defect detection depend on defect location [1] , [3] , [4] , it is necessary to analyze the defect detectability at each location separately. Images of all defect sizes and defect contrasts for a specific RM amplitude and defect location were included when estimating the AUC value using that data treatment. Fig. 4 shows the AUC (left column) and AUC difference (right column) curves for the effects of RM amplitude on the detection of defect at the anterior (a),(b), lateral (c),(d), and inferior (e),(f) region of the left ventricular walls.
In the anterior wall, the ranking of performance, in the order of decreasing AUC, is BH, NB, and DB for all updates (Fig. 4(a) ). The mAUCs of BH and NB are very close in value and are considerably higher than that of the DB. Fig. 4(b) shows the AUC difference curves obtained using the defects on the anterior wall. The ranking data treatments in defect detection on the lateral wall is similar to that on the anterior wall (Fig. 4(c) ), but the decrease in AUC values for both BH to NB and BH to DB are much more prominent compared to the anterior wall. The AUC difference curves show that the difference in BH-NB is larger than for NB-DB (Fig. 4(d) ). This suggests that the effect of NB is higher on the lateral wall, and is less on the anterior wall.
It was found that the AUC value of DB is lower than that of BH and NB for all updates for defect detection on the inferior wall, and the difference between BH and NB is less obvious (Fig. 4(e), (f) ). In some updates, the AUC value of the NB is slightly higher than that of the BH. This may suggest that the artifact of decrease image intensity due to RM plays a relatively more important role in this situation. However, the mAUC of the BH is still higher than that of the NB. These results indicated that the performance of myocardial defect detection is affected by the RM amplitude.
An apparent reduction in count density of the bulls-eye polar map due to RM in both anterior and inferior walls relative to that of lateral wall has been observed in previous study [29] . This is an undesirable effect since it affects the performance of the defect detection task. Our results showed a limited effect of normal respiration on the detection of defects on the anterior wall. This can be attributed to the two cancelling effects of RM. The superimposition of a cold artifact on the defect to be detected seems to improve the defect detection on defect-present images but also seems to cause more false positive decisions on defect-absent images.
B. Effect of Defect Location
To demonstrate the effects of defect location, the AUC curves shown in Fig. 4 were rearranged and presented for each RM pattern in Fig. 5 showing the AUC curves of the different defect locations of BH (a), NB (b), and DB (c). For all RM amplitudes, the mAUC corresponds to defect detection on the anterior wall is higher than or close to that of the lateral wall, and is considerably higher than that of the inferior wall. The differences between the AUC curves of the anterior and lateral wall are small for BH, but are more prominent for the NB and DB. The mAUC of the lateral wall is higher than that of the inferior wall for all RM patterns.
Note that defect detection on the inferior wall is considerably lower than that on other locations for the BH pattern. This can be attributed to the fact that the inferior wall region is affected more severely by scattering from surrounding organs such as the liver and spleen compared to the other wall regions. Thus, the effectiveness of the compensations for attenuation and scatter may be different in the different wall locations and may decrease the overall detection performance in the inferior wall compared to that of the other defect locations of breath-hold pattern. Further studies are required to investigate this issue.
From these results, it is suggested that the lateral wall is more sensitive to respiration compared to the other locations.
C. Effects of Defect Size
The evaluation of the effects of defect size was based on a defect contrast of 15%. Table I shows the mAUC and mAUC difference between RM amplitudes of different defect sizes at three locations. For a defect size of 2 cm on the anterior wall, the mAUC difference between BH and NB is less prominent, which means that for defect of this size, normal respiration does not affect defect detection on the anterior wall. However, the mAUC decreases considerably as we move from NB to DB. On the lateral wall, NB decreases the detection performance at this size of defect, while DB makes detection significantly more difficult. Similar results were observed on the inferior wall.
If the defect size is decreased to 1.5 cm, which is closer to the displacement distance of the heart along the body-axis as well as the system spatial resolution, the effect of RM on the anterior wall becomes more apparent. The mAUC is decreased from 0.918 (BH) to 0.788 (NB) then to 0.754 (DB). In the lateral wall, the mAUC of the BH and NB is very close and that of the DB is lower than the other two. The only obvious difference observed was between BH and DB on the inferior wall.
For defects of 1 cm in size, the difference in mAUC between the RM amplitudes is obvious for the anterior and lateral walls and is less prominent for the inferior wall. This indicates that RM has more significant effects on the detection of smaller defects than on the detection of larger defects on the anterior and left walls; this difference is less significant in the inferior wall. 
D. Effect of Defect Contrast
The comparison of defect contrast was based on a defect size of 2 cm in order to allow easier discrimination. The mAUC and mAUC difference between the RM patterns using different contrasts and at three locations are shown in Table II . For an anterior defect whose contrast is 15%, the mAUC difference between BH and NB is less obvious. Normal respiration does not affect the detection performance of an anterior defect of this contrast, but DB will affect it. For a lateral and or inferior defect of this contrast, both NB and DB will influence defect detection. If the defect contrast is decreased to 11.25%, the differences between the mAUCs of BH and NB are smaller in all locations, but DB will affect the detection of anterior and lateral defects. The effect of RM on the defect detection on the inferior wall is not apparent at this level of contrast. For a defect contrast of 7.5%, the difference in mAUC between the different RM patterns is small for all defect locations, which may be due to defect detection at this level of contrast is difficult.
IV. DISCUSSION AND CONCLUSION
Respiratory motion that occurs during MPS studies commonly degrades image quality. Although the heterogeneity in the bull's-eye polar map caused by RM in normal uniform myocardial perfusion in MPS images is known [29] , its effect on defect detection in MPS images is less well known.
Many factors related to respiration affect myocardial defect detection in MPS images. Image blurring caused by RM is an undesirable effect and it decreases the detectability of normal perfusion defects and makes the detection task more difficult. Respiration motion induced cold regional artifact increases false positive decisions from normal MPS images and thus is also an undesirable effect. In contrast, the superimposition of a RM induced artifact on the defect to be detected may make the defect more visible and easier to be detected. Most previous studies have focused on RM induced artifacts on normal MPS images and have shown that it has the greatest effects in the anterior and inferior defects. We used defect absent and defect present images to show the effects of RM on MPS. The tradeoff of these factors may partially explain the difference in results between previous studies and this study.
In this study, we investigated the effects of RM on defect detection in MPS in terms of RM magnitude as well as the size, location and contrast of the myocardial defect using a simulated mathematical observer study. It was shown that the effects of RM on defect detection are related to both the RM pattern and the defect location. The detection of defects on the anterior wall is shown to be more tolerant of normal respiration compared to the lateral and inferior walls. This advantage disappears during deep breathing. The ranking of defect detection in order of decreasing performance among these three wall regions is anterior, lateral, and inferior for all RM patterns. It has also been shown that the decrease in detection performance caused by RM for a specific defect size and contrast is affected by the defect location. For example, normal respiration has no obvious effect on the detection of a 2 cm-sized anterior defect, but the effect becomes apparent in the lateral and inferior walls. For a smaller 1.5 cm-sized defect, normal respiration will affect anterior defect detection but not that on the lateral wall.
There were some limitations in this study. First, the number of phantoms used in this study was limited. Modeling more variations in activity and anatomical distributions will make the simulation more realistic. Second, heart motion due to beating was not included in this study. The diastolic phase may represent a large portion of the cardiac cycle, but it is not all of it. Furthermore, the present study is limited by the fact that it is a computer simulation and although useful in understanding RM effect on MPS, it may not be necessarily translate directly to clinical situation. Further experimental and clinical investigations are therefore needed.
We concluded that RM has considerable influence on the defect detection task performance in MPS. Optimization of the data acquisition method and development of motion correction methods for RM are therefore needed in order to improve defect detection in MPS images.
